The COD value is directly quantified by measuring the amount of electrons captured at a nanostructured TiO 2 electrode during the exhaustive photoelectrocatalytic degradation of organic species in the thin-layer cell. The key parameters of the photoelectrochemical system, such as applied potential bias, light intensity and solution pH, were investigated and optimized.
TiO 2 photocatalytic oxidation approach was also used to determine COD in water samples [8] [9] [10] [11] . This method utilized TiO 2 nanoparticles as a photocatalyst to oxidize organic compounds under UV illumination, replacing the chemical oxidants in the standard method, such as dichromate. In this process, oxygen molecules act as electron acceptors to remove electrons produced during the photocatalytic oxidation reaction. The depletion of O 2 concentration in water is correlated with standard COD methods. Because the low solubility of oxygen in water (<10 ppm at 25C) limits the TiO 2 photocatalytic oxidation reaction, this approach suffers from the low fraction of degradation, unsatisfactory reproducibility, insufficient sensitivity, and limited dynamic working range.
The problems associated with low O 2 concentration in water in the TiO 2 photocatalytic oxidation process can overcome effectively by electrochemical means. A photoelectrochemical system for the determination of chemical oxygen demand, (PeCOD), was developed based on this TiO 2 photocatalytic oxidation process [12] [13] [14] [15] [16] . Under UV illumination in a thin layer cell, organic compounds can be stoichiometrically mineralized at a TiO 2 nanostructured electrode.
This process can be represented as:
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where N and X represent nitrogen and halogen atoms, respectively. The number of carbon, hydrogen, oxygen, nitrogen and halogen atoms in the organic compound is represented by y, m, j, k and q, respectively.
The total amount of electrons transferred (Q net ) at a TiO 2 nanoporous thin-film electrode can be monitored and measured during the degradation process. According to the definition of COD and Faraday's Law, the measured Q net value is converted into an equivalent O 2 concentration (or oxygen demand) [12, 13] . The equivalent COD value can therefore be represented as: (2) This means that the COD value of a sample can be readily obtained by simply measuring the net charge. The method is an absolute method and requires no calibration. Other advantageous features include simplicity, rapidity, sensitivity, accuracy, limited reagent consumption (supporting electrolyte only) and no secondary pollution.
In practice, however, the previous reported system has very poor portability because the system employs a 150W xenon light source and a commercial potentiostat (PAR 363). The apparatus is large, heavy and consumes significant amounts of electricity. Besides this, the application of xenon light into the sensing application introduces several practical drawbacks, such as high cost (both the xenon lamp and the high voltage ignition electrical power source are very expensive), short life time (only a few thousand hours), high running cost, and the requirement of excellent ventilation and a dry environment. High humidity in an outdoor environment may destroy the system. These characteristics are not ideal for a portable field-based monitoring device. In order to convert the PeCOD technology into a truly portable and onsite technology for COD measurement, both the Xenon light and the conventional electrochemical station need to be replaced. The ultraviolet light emitting diode (UV-LED) is certainly a promising candidate. After a careful screening of all commercially available UV-LEDs, a UV-LED (NCCU033 from Nichia) is chosen because of its ample light intensity and suitable wavelength (250mW/cm 2 at 365nm).
In principle, the suitability of the UV-LED for the application in PeCOD needs to be validated, because the optical characteristics of the UV light from UV-LED and Xenon light are dramatically different from each other. Xenon light consists of continuous UV wavelength [17] , i.e., UVA (320nm < λ < 380nm), UVB (280nm < λ < 320nm) and UVC (λ < 280nm), while the chosen UV-LED light is located in the UVA zone with a wavelength range of 365±5nm.
Though thermodynamically, the photoelectrocatalytic reaction (i.e., Equation 1) can take place under any light with a wavelength <387nm, kinetically, whether reaction rate under the UV-LED light is appropriate for PeCOD application has not been investigated. It was reported that the rates of the photocatalytic oxidation of organic compounds can be significantly different under different wavelengths of light. Li Puma et. al. reported that the degradation and mineralization of 2-chlorophenol were significantly faster with UV-ABC radiation compared to the use of UVA radiation alone [18] . R. Matthew also reported that the shorter wavelength 254 nm radiation is considerably more effective in promoting degradation than the radiation centred at 350 nm for TiO   127   128   129   130   131   132   133   134   135   136   137   138   139   140   141   142   143   144   145   146   147   148   149 2 based photocatalytic degradation of phenols [17] .
In this work, the UV-LED is incorporated into a specially designed thin-layer photoelectrochemical cell for the determination of COD, namely UV-LED PeCOD. A microelectrochemical system (µECS) with a size of a common USB memory stick (i.e., 66 ×25×8mm) was used as the electrochemical system instead of the large-size conventional electrochemical station. A laptop computer is used to power the UV-LED via a USB port. At the same time it controls the µECS to process the data and report the result in terms of COD. To optimize the system performance, the effects of important experimental parameters, such as light intensity, applied potential, and pH on the analytical signal generation were also systematically investigated. The detection principle is experimentally validated with the model compounds, synthetic samples and real samples.
EXPERIMENTAL

Chemicals and Materials
Delta Technologies Limited. Titanium butoxide (97%) and analytical grade potassium hydrogen phthalate (KHP), hydroquinone, sucrose, maleic acid, galactose, xylose, glycine, and L-ascorbic acid were purchased from Aldrich without further treatment prior to use. All other chemicals were of analytical grade and purchased from Aldrich unless otherwise stated. All solutions were prepared with high purity deionised water (Millipore Corp., 18M cm). 
Sample Preparation
The real samples used in this study were collected within the state of Queensland, Australia from various industrial sites including bakeries, sugar plants, breweries, canneries and dairy production plants. All samples were filtered with 0.45 m filter paper and preserved according to the guidelines of the standard method. When necessary, the samples were diluted to a suitable concentration prior to the analysis. After dilution, the same sample was subject to the analysis by both standard COD method and the UV-LED PeCOD analyzer. To the real samples and blank for photoelectrochemical determination, NaNO 3 solid equivalent to 2.0 M was added as the supporting electrolyte.
Preparation of TiO 2 film electrodes
The details of the electrode preparation were published in our previous work [19] . Briefly, aqueous TiO 2 colloid was prepared by hydrolysis of titanium butoxide according to the method described by Nazeeruddin et. al [20] . The resultant colloidal solution contains 60g/L of TiO 2 solid with particle sizes ranging from 8 to 10 nm. As the electrode substrate for TiO 2 thin film, The ITO slide was cut into a rectangular shape with dimensions of 15×40mm and pretreated to assure its cleanliness. After pretreatment, the ITO slide was dip-coated in the TiO 2 colloidal solution and air-dried in a clean room. The coated electrodes were then calcined at 700C in a 
Apparatus and methods
All photoelectrochemical experiments were performed at 23 o C in a thin-layer electrochemical cell with a quartz window for illumination (see Figure 1) . A thin metal plate was installed as a shutter between the UV-LED and quartz window to control the ON/OFF of the illumination.
The thickness of the layer is 0.10mm, the exposed TiO 2 electrode area for UV radiation irradiation is 0.2 cm 2 and the volume of the anodic compartment is ca. 2.0 L. A saturated Ag/AgCl electrode and a platinum mesh were used as the reference and counter electrodes, respectively. In Figure 1 , the distance between the reference electrode and working electrode is 3mm, while the distance between the reference electrode and counter electrode is 4mm. A microelectrochemical system (ECS, PLAB, Changchun Institute of Applied Chemistry, China -See Figure 2 ) powered and controlled by a DELL laptop was used for application of potential bias, current signal recording and data processing in the PeCOD measurement. Standard COD value (dichromate method) of all the samples was measured using an EPA approved COD analyzer (NOVA 30, Merck).
RESULTS AND DISCUSSION
Photoelectrocatalytic oxidation under UV illumination
UV-LED has attracted more and more attention regarding TiO 2 photocatalysis [21, 22] and sensing application [23] [24] [25] [26] due to its low cost, simplicity, low power consumption, and long life time. However, the practical barrier for UV-LED application in effective photocatalytic oxidation was that UV-LED on the market did not have sufficient intensity (< 1 mW/cm 2 ) with sufficiently short wavelengths (< 380nm). The recently developed UV-LED, by Nichia, is able to emit true UV light with sufficient light intensity, i.e., 250mW/cm an ideal alternative UV light source for the PeCOD technology. Figure 1 shows that the incorporation of the UV-LED into a photoelectrochemical thin-layer cell results in a portable miniature UV-LED PeCOD detector. In the early version of PeCOD system, a fragile and expensive UV band pass filter (UG 5) was used to block the substantial heat from Xenon light to prevent solution heating up. In strong contrast, because the UV light from the UV-LED has a narrow bandwidthwavelength width of 10nm (i.e., from 360 to 370nm) with no emission of visible and infra-red light, the reaction solution heating up is no longer a problem. Besides this, as a UV light source, UV-LED has several inherent advantages over the Xenon light illumination system: 1) it is small in size (6.8×6.8×2.1mm) and light in weight (ca. 10 g), which makes it readily able to be incorporated into a compact device (See Figure 1) ; 2) it operates at low voltage (4.5V) and has low power consumption (<2W), it can be powered by a laptop computer via a USB port and has better stability and safety, which makes it user friendly; 3) it has a much longer lifetime (ca. 100,000h, >20 times of Xenon lamp) with cheaper building cost (ca. 2% of the Xenon lamp system) and operational cost (ca. 1% of the Xenon lamp), making it economically more viable. All these merits mean the proposed UV-LED PeCOD technology possesses tremendous commercial potential as a portable sensing instrument, as well as a lab instrument.
When a TiO 2 semiconductor is irradiated using UV light with a wavelength <387nm, i.e., 
3.2
Optimization of experimental conditions
Light intensity
The UV light intensity illuminated on the thin layer reactor can be regulated from 0 to 250mW/cm 2 by controlling the forward current of the UV-LED and/or by adjusting relative distance between the UV-LED and the thin layer reactor. Because the UV-LED is small in size, it can be readily inserted into the thin-layer cell. In order to keep the reactor compact in size and maintain sufficient light intensity, the UV-LED is fixed at a position only 1 mm away from the quartz lens (see Figure 1 ). The UV light intensity was therefore fully controlled by the forward current in this work.
Preliminary results indicated that Q net and Q blank remained constant when the light intensity increased from 4 to 12 mW/cm 2 (see Figure 3) . In other words, Q net and Q blank are independent of the light intensity in this intensity range. This is expected because Q net originates from the oxidation of the organic compounds while Q blank stems from oxidation of water in the same reaction time. In the presence of sufficient TiO 2 catalyst, the increase of UV light intensity leads to more photoholes being generated and therefore fast oxidation rate can be anticipated [28] . In the UV-LED PeCOD system, light intensity is directly proportional to the oxidation reaction rate of organic compounds (see Equation 1 ). In other words, stronger UV light intensity normally will result in shorter exhaustive degradation reaction time. The reaction time, measured from the beginning of UV illumination to the time when photocurrent reaches steady state (see Figure 2) , was found to be inversely proportional to the light intensity. However, in practice, too high a light intensity, e.g., > 9.0 mW/cm 2 , is often associated with signal stability problems that are caused either by photocorrosion of the semiconductor electrode [29] or generation of O 2 bubbles from the enhanced water oxidation reaction (see Equation 3 ). The bubbles are detrimental to any thin-layer cell analysers, because they will change the cell volume dramatically and lead to faulty measurement. It was observed that the production of bubbles became more notable when UV light intensity was over 9.0 mW/cm Therefore, practically, the light intensity needs to be carefully controlled at a value smaller than 9.0 mW/cm 2 . Considering the above factors, a relatively low light intensity (9.0mW/cm 2 ) was chosen for subsequent experiments in this work.
Applied potential bias
Applying potential bias on the working electrode can seize photogenerated electrons from the conduction band. It serves two purposes in this photoelectrocatalytic analytical system: one is to suppress the recombination of the photo-induced holes and electrons and therefore achieve high photocatalytic oxidation efficiency [12] ; the other is to quantify the extent of the photoelectrocatalytic oxidation reaction by quantifying the amount of electrons originating from the oxidation reaction and subsequently determine the amount of organic compounds in the sample, using Equation 2. The effect of applied potential bias on the Q net and Q blank was therefore investigated (see Figure 4) . The electrical field applied to the working electrode is directly proportional to the applied potential. Figure 4 reveals that both Q net and Q blank increase when the potential bias is increased from -0.3V to +0.2V, which suggests that the electron collection in this potential region is the limiting step in the overall photoelectrocatalytic oxidation process. More importantly, the obtained Q net value for 2.0 L of 100M KHP was significantly lower than the theoretical charge (i.e., 0.58 mC, estimated using the thin-layer cell volume). This implies that the electrical field applied in this potential region was not sufficient to completely capture the electrons originating from the oxidation reaction (Equation 1). In other words, the applied potential bias needs to be further increased. With the further potential bias increase from +0.3 to +0.8V, both Q 
Solution pH
The TiO 2 electrode has different electrochemical characteristics at different pH. This is because the solution pH affects the flat band potential of the TiO 2 semiconductor and speciation of the functional groups of TiO 2 semiconductors [19] . Thus, pH may influence the photocatalytic oxidation efficiency at the TiO 2 electrode in the UV-LED PeCOD system. The effect of solution pH on the analytical performance was then investigated. sharp decrease in Q net was observed, suggesting the photocatalytic oxidation is more favourable towards water [30] . The substantial deviation from the theoretical value implies that it is not appropriate to determine COD with the UV-LED PeCOD cell in such a pH range. To summarise the investigation of pH effect, the suitable pH range for this proposed analytical application is between 4 and 10. The pH of a sample needs to be regulated if its pH falls outside of this pH range.
Analytical performance in analyzing synthetic samples
The theoretical applicability of the UV-LED PeCOD method was first examined using different varieties of pure organic compounds with known oxidation numbers (n) and theoretical COD values, including hydroquinone (n=23), sucrose (n=48) , KHP (n=30), maleic acid (n=12), galactose (n=24), xylose (n=20), glycine (n=6), L-ascorbic acid (n=20) and the mixture of these compounds with equal COD concentration. Figure 6 shows a group of typical photocurrent profiles for the analysis of 2.88 ppm to 96 ppm COD KHP while the insert within is the calibration curve of the responses. From low to high COD concentration of KHP, achievement of common well-defined steady state currents designates the reaction endpoint of the photocatalytic degradation of KHP. In low KHP concentration range (from 2.88 ppm to 19.2 ppm COD), the photocurrents declined monotonically after the UV illumination began. In strong contrast, the photocurrent at 24 and 48 ppm COD increased at first and then declined.
The contrast of current profiles became more remarkable at higher organic concentration.
Photocurrents at higher KHP concentration (e.g., >96 ppm COD) declined for ca. 25s, increased for 60s and subsequently declined until a steady state was reached, resulting in a shoulder peak-like profile. This was very likely due to accumulation, polymerization and degradation of intermediates during the oxidation of aromatic compounds present in high concentrations.
KHP is an aromatic compound with a chemically stable benzene ring. During the degradation reaction, aromatic and other organic fragments and free radicals can be formed. The uprising portion of the photocurrent profiles at 24 and 48 ppm COD were due to accumulation of these fragments and radicals. For the photocurrent profile at 96 ppm COD, the initial decrease in photocurrent was possibly due to formation of polymer networks caused by the polymerization of the fragments and free radicals at the electrode surface. These polymer networks may 
Conclusion
The validation experiments using pure organic compounds, artificial mixtures and real samples demonstrate that the UV-LED thin-layer photoelectrochemical cell can be used to determine COD in wastewaters in a rapid, sensitive and accurate fashion. 
